Background. Resection of gliomas located in eloquent brain areas remains a neurosurgical challenge. The reported incidence of transient or permanent neurological deficits after microsurgery in eloquent brain ranges 20% -100%, or 0% -47% among contemporary neurosurgical series. The aim of this study was to assess the feasibility of stereotactic brachytherapy (SBT) as a local treatment alternative to microsurgical resection for patients with gliomas in highly eloquent areas, located in the central sulcus region (CSR). Method. Between 1997 and 2010, 60 patients with World Health Organization (WHO) grades II and III gliomas located in the CSR were treated with SBT (iodine-125 seeds; cumulative therapeutic dose, 50-65 Gy). Following SBT, WHO grade III glioma patients additionally received percutaneous radiotherapy (median boost dose, 25.2 Gy). We evaluated procedure-related complications, clinical outcome, and progression-free survival. Results. Procedure-related mortality was zero. Within 30 days of SBT, 3 patients (5%) had transient neurological deficits, and 8 patients (13%) had temporarily increased seizure activity. One patient (1.6%) deteriorated permanently. Space-occupying cysts (6 patients) and radiation necrosis (1 patient) developed after a median of 38 months and required surgical intervention. Seizure activity, rated 12 months following SBT, decreased in 82% of patients (Engel classes I-III). Median progression-free survivals were 62.2 + 19.7 months (grade II gliomas) and 26.1 + 17.9 months (grade III gliomas). Conclusions. Compared with microsurgical resection, SBT harbors a low risk of procedural complications, is minimally invasive, and seems to be an effective local treatment option for patients with inoperable, eloquent WHO grade II and III gliomas in the CSR. However, the value of SBT for treating gliomas still needs to be determined in prospective, randomized studies.
M
icrosurgical resection is considered a critical therapeutic modality for patients diagnosed with gliomas, and growing evidence suggests that patients' survival correlates with the extent of resection. 1, 2 However, these tumors are frequently located in or involve eloquent brain (eg, sensory-motor or language areas, basal ganglia, or subcortical pathways), 3 limiting the neurosurgical attempt of a complete or gross total resection of these tumors. 4 In this context, contemporary neurosurgical series report transient and permanent neurological deficits ranging 20% -100% 5, 6 and 0% -47%, 6, 7 respectively, after resections in eloquent brain.
Stereotactic brachytherapy (SBT) with implantation of iodine-125 ( 125 I) seeds represents a safe and effective local treatment option for selected patients, including those with circumscribed tumors located in eloquent brain. 8 -10 Histological evaluation within the same operative session, precise treatment of the tumor, maximal sparing of surrounding healthy tissue, minimal rate of long-term complications, and preservation of the whole therapeutic spectrum in case of tumor progression (eg, reimplantation, external beam radiotherapy [EBRT]) are described hallmarks of SBT. 9 -11 In the present study, we focused on the application of SBT for gliomas located in sensory-motor areas, which are primarily localized at the pre-and postcentral gyrus, also known as the central sulcus region (CSR). 12 We assessed the feasibility of SBT as a local treatment regimen by evaluating the patient's clinical and oncological outcome, and compared our results with those in the literature reported for microsurgical series in the CSR.
Material and Methods

Indications for SBT
Treatment was carried out according to a prospective protocol. 9, 10 In brief, patients were eligible (i) when tumors were considered inoperable due to localization in eloquent brain; (ii) for treatment of residual tumors after subtotal resection; and/or (iii) with relapse of previously treated tumors. In addition, a KPS score ≥60 and a wellcircumscribed tumor of ≤40 mm were requested. Tumors displaying contrast enhancement were well circumscribed if their calculated size was the same or nearly the same in contrast enhanced T1-and T2-weighted MRI. 11, 13 Non-enhancing tumors were defined as well circumscribed based exclusively on T2-weighted MRI. An interdisciplinary tumor board confirmed every indication. Either parents or the patients themselves if ≥18 years old signed informed consent after detailed explanation of procedure-related risks and agreed that their data could be used for scientific evaluation.
Selection of Study Population
For the present study, all patients who had undergone SBT for inoperable World Health Organization (WHO) grades II and III gliomas in the time period 1997 -2010 were reviewed; almost 500 patients were identified. In a second step, preoperative MR images (T1-and T2-weighted sequences) were reviewed to identify the tumor location within the CSR. The central sulcus was used as the anatomical reference, either identified directly or by the ascending cingulate sulcus visible in the midline sagittal image to define the pre-and postcentral gyrus from this point. This analysis was independently performed by 2 investigators with experience in neurosurgical oncology (M.I.R., S.G.). Only those cases where both investigators confirmed the tumor location within the CSR were included in the present study.
Treatment Planning and Surgical Procedure
Surgical procedures were carried out as described previously. 9, 10, 14, 15 In brief, under general anesthesia a modified Riechert -Mundinger stereotactic frame was fixed on the patient's head and an intraoperative stereotactic CT was performed. Thereafter, CT scans were fused with preoperative contrast enhanced axial T1-and T2-weighted MR images. For image fusion and planning of the trajectory and irradiation treatment, we used specialized software (STP3, Stryker Leibinger). The radiation dose prescribed at the target volume surface (median dose, 50 Gy) was delivered as low-dose irradiation with an initial dose rate of 0.75 Gy/d. Permanent implants were used, meaning that the catheters were left in situ even after the decay of activity. Patients with WHO grade III gliomas additionally received EBRT (median boost dose, 25.2 Gy in fractions of 1.8 Gy) during the first 3 weeks following SBT. 16 The rationale for this treatment protocol was to increase the effectiveness of SBT using a daily boost of external irradiation to inhibit proliferation of tumor cells during the protracted low-dose irradiation. 17, 18 Follow-up Follow-up examinations were carried out as described previously. 9, 10 In brief, clinical and neuroradiological follow-up examinations were performed 3 months after SBT and then at 6-to 12-month intervals.
The treatment response after SBT was estimated similar to the Revised Assessment in Neuro-Oncology criteria 19 at the time of the last follow-up or at the time of an assumed tumor progression. In detail, we colocalized follow-up MRIs with treatment planning data to colocalize image changes with tumor extension prior to SBT and dose distribution. Briefly, tumor size was determined by the product of the 2 largest perpendicular diameters of the T2 hyperintense lesion in non-enhancing tumors. In tumors displaying contrast enhancement, response criteria considered both the size of the T2 hyperintense lesion and any change of the enhanced T1-weighted images. A complete disappearance of the lesion on MRI (contrast enhanced T1-weighted images and T2-weighted images) was defined as complete response; a tumor volume reduction .50% in both non-enhancing and enhancing lesions (compared with baseline) was considered a partial response. A tumor volume increase .25% (T2-weighted images or contrast enhanced T1-weighted images) outside the volume enclosed by the therapeutic isodose was defined as tumor progression, whereas a tumor volume increase (T2-weighted images or contrast enhanced T1-weighted images) inside the therapeutic isodose was defined as a breakdown of the blood-brain barrier caused by SBT if these tumors did not progress within 6 months after this finding. Otherwise, treatment response was classified as tumor control (stable disease). The biological significance of radiological susceptive tumor progression was determined noninvasively by PET imaging 20, 21 or close MRI follow-up, or by stereotactic biopsy (or resection).
The patients' functional outcome was rated 12 months after SBT by using the modified Rankin Scale. 9, 10, 22 In addition, seizure frequency outcome was evaluated according to Engel classification.
Statistical Analysis
Statistical analysis was performed using SPSS Statistics 20.0. Kaplan -Meier estimates were used to assess progression-free survival (PFS) and overall survival (OS).
Patients not experiencing progression were censored at their last follow-up. The chi-square test was applied to identify differences in baseline clinical and epidemiological characteristics between the WHO grades II and III glioma subgroups. Univariate analysis (log-rank test) was performed to identify possible covariates with an influence on PFS. The following covariates were included in the analysis: sex, KPS (,90 vs ≥90), tumor volume (≤ 10 vs .10 mL), WHO grade (II vs III), histology (astrocytoma vs oligoastrocytoma or oligodendroglioma), and previous treatment (yes/no). In the next step, factors identified as significant were included in a multivariate analysis (Cox proportional hazards model). The chi-square test was used to identify predictive factors for patients developing radiation-induced cysts. P , .05 was considered significant. In detail, the factors evaluated regarding the occurrence of radiation-induced cysts were WHO grade, tumor volume, number of implanted seeds/catheters, and seed activity.
Results
Sixty consecutive patients (n ¼ 30 with WHO grade II and n ¼ 30 with WHO grade III gliomas) fulfilled the selection criteria of this study. Baseline epidemiological and clinical parameters are outlined in Table 1 . None of these parameters differed significantly between the grade II and grade III subgroups. Most of the patients (77%) received SBT as primary treatment. For (re)evaluation of histology, the majority of patients (92%, n ¼ 55) underwent stereotactic biopsy and SBT within the same surgical procedure. The remaining 5 patients (8%) received a combined procedure of partial tumor resection and SBT, where histological evaluation was performed at the time of surgery.
Irradiation Parameters
All patients received permanent implantation of 125 I seeds with a median surface dose of 50 Gy (range, 50 -65 Gy). The median calculated coverage was 97.01% (mean, 96.03 + 3.83%; range, 79.77%-100.00%). The median activity of the implanted seeds was 8.7 + 4.1 mCi (range, 3.0-26.9 mCi). On average we inserted 4.0 seeds (SD 2.0; range, 1-10) and 1.8 catheters (SD 0.8; range, 1-3) in order to use as few catheters as possible. Following our protocol, 29 of 30 patients with WHO grade III gliomas received concurrent percutaneous radiotherapy (median boost dose, 25.2 Gy; range, 21.6 -30.6 Gy, in fractions of 1.8 Gy) within 3 weeks after SBT. One patient died prior to scheduled percutaneous radiotherapy due to rapidly developing erysipelas of the leg.
Oncological and Clinical Outcome
Outcome characteristics, including details of procedurerelated complications, radiological and neurological outcomes, and salvage treatment procedures, are listed in Table 2 . Patients were followed for a median of 58 months (grade II gliomas) or 39 months (grade III). Median PFS for grade II gliomas was 62.2 + 19.7 months; actuarial PFS rates were 93.3 + 4.6% (1 and 2 y) and 52.5 + 10.6% (5 y). In contrast, patients with grade III gliomas achieved a median PFS of 26.1 + 17.9 months; actuarial PFS rates were 83.3 + 6.8%, 52.1 + 9.3%, and 34.2 + 9.6% at 1, 2, and 5 years (Fig. 1) . The corresponding actuarial OS rates after 1, 2, and 5 years were 100.0 + 0.0%, 100.0 + 0.0%, and 94.7 + 5.1% for grade II gliomas and 96.7 + 3.3%, 80.1 + 8.0%, and 59.4 + 10.9% for grade III gliomas (Fig. 2) .
Procedure-related mortality was zero. Within 30 days after SBT, 11 patients (18%) showed transient deterioration of clinical status and 1 patient (2%) showed permanent deterioration of clinical status. Space-occupying cysts occurred in 6 patients after a median of 38 months (range, 12 -97 mo) and required surgical intervention. Following intervention, the neurological status improved to baseline in 5 patients, while 1 patient remained unchanged regarding his motor deficit. One grade III glioma patient developed a symptomatic radiation necrosis 19 months after SBT (50 Gy) + EBRT boost (25.2 Gy) and required microsurgical intervention.
Neurological status improved or remained stable for the majority of patients (83%). Worsening (17%) was related to tumor progression (n ¼ 8), early postoperative deterioration (n ¼ 1), and radiation-induced cysts (n ¼ 1). These results were reflected by the modified Rankin Scale displaying the patients' functional outcomes (Fig. 3) . Seizure activity, rated 12 months following SBT, decreased in 82% of patients (Engel classes I-III). Increased seizure activity
Delayed morbidity after SBT, n (%) 1 (3) 1 (3) Due to radiation-induced cysts 3 (10)
Motor deficits
Due to radiation necrosis RT and/or chemotherapy 3 (10) 10 (33) SBT 1 (3) 2 (7) Annotations: A1 ¼ estimated similar to the Revised Assessment in Neuro-Oncology criteria. 19 A2 ¼ developed 19 mo after receiving SBT (50 Gy) + EBRT boost (25.2 Gy) as primary treatment for grade III glioma. Followed for a period of 73 months, the patient is still alive; follow-up MRI showed tumor control not requiring any further treatment. A3 ¼ rated in 59/60 patients. One patient (grade III subgroup) died within the first month after SBT due to rapidly developing erysipelas (non-procedure-related mortality) and was therefore excluded from this analysis. A4 ¼ including 5 patients with a follow-up period of ,12 mo, where outcome was assessed at the latest follow-up. A5 ¼ due to tumor progression (n ¼ 8), early postoperative deterioration (n ¼ 1), radiation-induced cysts (n ¼ 1). A6 ¼ rated in 50/60 patients; 10 patients (5 each from the grade II and III subgroups) were excluded, as they did not show seizures. A7 ¼ worsening was related to tumor progression (n ¼ 4) or (transient) peritumoral edema (n ¼ 2); A8 ¼ (sub)total tumor resection in each case; postoperative hemiparesis reported for 3 patients; A9 ¼ partial tumor resection in each case.
Prognostic Factors
Univariate analysis of covariates showed that neither gender, age, KPS, previous treatment, treatment date, nor treatment volume proved to be statistically significant for PFS. The variables of grade III and histological diagnosis of "astrocytoma" were significantly associated with reduced PFS (P ¼ .003 and P ¼ .015). On multivariate analysis, both variables retained independent prognostic significance. There was no association between the risk for developing space-occupying cysts and the variables of WHO grade, tumor volume, number of implanted seeds/catheters, and seed activity.
Discussion
Here we present a unique series of 60 patients treated with SBT for grades II and III gliomas located in the CSR. We focused on feasibility, procedural safety, and oncological efficacy of SBT applied in a highly eloquent area of the brain. SBT represents a strictly localized treatment option for well-circumscribed tumors; its objective, as well as that of microsurgical resection, is devitalization/ removal of the dense (visible) portion of tumor cells by delivering a lethal irradiation dose (≥200 Gy in the vicinity of the implanted source) from within the tumor while optimally sparing the surrounding tissue. Thus, we compared our treatment results with those reported for microsurgical resection.
The neurosurgical management of gliomas located in eloquent brain remains a controversial issue for specific reasons: (i) radical resection (complete or gross total) seems to have an oncological impact 1,2 but (ii) also harbors a high risk for neurological disability, which in turn may have a significant impact on the patient's further oncological treatment course. We therefore performed a literature review to determine an accurate risk profile for microsurgical tumor resection in eloquent brain (focusing on tumors in the CSR). Eleven studies covering 943 patients were identified (Table 3) . A gross total resection was achieved in 61% of cases. The cumulative overall risk for postoperative deficits was 32%, and in 9% of patients these were permanent. In the present study, the 30-day postoperative morbidity was 20%. Taking into account both early postoperative deterioration and deterioration over the long term, permanent neurological deficits occurred in only 3% of our patients, which is substantially lower than the reported incidence from surgical groups (permanent neurological deficits in 9% of cases). These data clearly underline the safety of SBT for gliomas in highly eloquent brain such as the CSR and are in line with previous data on SBT for eloquent brain tumors.
9,10,13,14 Besides its safety, strong indicators for the efficacy of this treatment are oncological outcome data (median PFS, 62 mo for grade II gliomas, 26 mo for grade III gliomas), as well as clinical outcome data (improvement or stabilization of the neurological status in 83% of patients, decreased seizure activity in 82%) (Fig. 4) .
Is There a Place for SBT in the Management of Grade II Gliomas?
According to the guidelines from the European Federation of Neurological Societies and the European Association of Neuro-Oncology, surgical resection represents the first treatment option for grade II gliomas, with the goal of maximally resecting the tumor mass whenever possible while minimizing postoperative morbidity. 24 When surgery is not feasible due to the location in Based on these guidelines, a subpopulation of patients can be identified: those with tumors located in eloquent brain receiving incomplete tumor resection or biopsy followed by postoperative EBRT. However, the following points should be considered when applying this treatment regimen in this specific subgroup:
1. Surgery is a critical therapeutic modality for patients with grade II gliomas, where the extent of tumor resection is a strong prognostic factor, determining the patient's oncological outcome. 1 Today, the aim of surgery should be complete resection of the preoperative T2/fluid attenuated inversion recovery signal abnormality while simultaneously avoiding operation-related neurological deficits in order to improve survival and quality of life. However, particularly those patients with tumors located in eloquent brain (eg, the CSR) should undergo critical preoperative evaluation, since they are at high risk for both incomplete tumor resection and postoperative neurological deficits. This is underlined by our literature review ( Table 3 ), revealing that only 61% of tumors located in eloquent areas are amenable to complete resection and that postoperative neurological deficits occur in 32% (transient) and 9% (permanent) of cases. SBT, as well as surgery, is a strictly local treatment regimen that has been shown to be associated with only minimal postoperative morbidity, even for tumors located in highly eloquent brain. 9, 10, 13 Furthermore, from an oncological point of view, SBT has been reported to be as effective as surgery in patients with grade II gliomas. ) in patients with grade II gliomas showed nearly identical results. 11, 26 The results from our present study (median PFS, 62 mo) compare well with those reported for grade II gliomas treated with surgery + EBRT (eg, median PFS in the EORTC 22844 and 22845 trials: 60 and 64 mo, respectively, for surgery + EBRT 27, 28 ). Interestingly, the reported median PFS of 41 months in the EORTC 22845 trial for patients undergoing surgery without EBRT is far below the median PFS in our study (62 mo). However, whether the improved PFS in our study was based simply on favorable selection criteria for SBT (ie, its limitation for well-circumscribed tumors ≤4 cm in diameter) or by the treatment itself remains to be determined in future studies.
Despite its efficacy and safety, the application of SBT is, however, limited to well-circumscribed tumors ≤4 cm, since tumors beyond this threshold pose a significantly increased risk for radiation-induced side effects. 29 In contrast, the extent of surgery is usually determined and limited by the tumor location itself, with joint goals of maximal tumor resection and preserving the patient's neurological function. Taking into account limitations of both SBT and surgery, a planned combined approach using these treatment modalities (low-risk partial tumor resection followed by SBT for the residual tumor) seems logical for large tumors (.4 cm) located in eloquent brain. This approach has already been reported as a feasible and safe treatment concept for patients with large, grade II gliomas located in eloquent areas. 12, 14, 29 In the present study, 5/60 patients (8%) were successfully treated with this combined concept. Fig. 3 . Improved functional outcome rated 12 mo following SBT using the modified Rankin Scale-0: no symptoms at all; 1: no significant disability despite symptoms, able to carry out all usual activities; 2: slight disability, unable to carry out all previous activities but able to look after own affairs without assistance; 3: moderate disability, requiring some help but able to walk without assistance; 4: moderate severe disability, unable to walk without assistance and unable to attend to own bodily needs without assistance; 5: severe disability, bedridden, incontinent, and requiring constant nursing care and attention; 6: dead. FU, follow-up. LGG, low-grade glioma; n.a., not applicable; n.r., not reported; PF-FU: progression-free follow-up; SP, data extracted/calculated from a subpopulation. * ¼ permanent deterioration in one patient immediately postoperative, in the other patient due to radiation-induced cysts 38 mo after SBT.
2. Given the long course of the disease, with more than one third of grade II glioma patients surviving at least 10 years, 30 timing and application of EBRT need to be planned carefully, since there is a substantial risk of acquiring late or delayed radiation injuries. This is underlined by a recent study by Douw et al, 31 who evaluated the cognitive abnormalities in survivors of grade II gliomas at a mean of 12 years after first diagnosis. They reported that deterioration of cognitive function in patients receiving EBRT was twice as high compared with those who were EBRT naive (53% vs 27%). The authors recommended that deferring EBRT might be the strategy most beneficial to cognitive status and quality of life. We therefore suggest that patients with grade II gliomas located in eloquent brain be considered as candidates for SBT instead of receiving incomplete tumor resection/ biopsy followed by upfront EBRT. Although structures involved in memory and cognition (eg, the hippocampus) are less likely to be exposed to EBRT for gliomas located in the CSR, the occurrence of late or delayed radiation injuries for brain tumors in general seems-despite only limited available data 9, 10 -less likely for SBT compared with EBRT. Since the irradiation source is directly placed into the tumors, this results in a very steep dose fall-off toward the periphery After outlining the outer boundary of the visible tumor (yellow dotted line), one catheter containing 3 iodine-125 seeds (red line) was inserted using a precentral stereotactic approach. The green line represents the therapeutic isodose (50 Gy, permanent implantation, coverage 98.7%). In the following 3 months, she suffered an increased frequency of focal motoric seizures, which could then be controlled with anticonvulsive medication. (C) Two years later, MRI showed partial response of the visible tumor on T2-weighted images and the typical temporary bloodbrain barrier breakdown resulting in contrast enhancement in the T1-weighted images. (D) In June 2013, the patient was without any neurological deficit, was free from seizures, and showed complete remission of the tumor. within a millimeter range, which substantially reduces the radiation burden on surrounding tissue. 7, 8 Therefore, late or delayed radiation injuries may be avoided for those patients receiving SBT. It furthermore allows deferring EBRT until the time of tumor progression, since previous SBT does not limit or hinder the application of EBRT. 8, 9, 12, 14 Is There a Place for SBT in the Management of Grade III Gliomas?
According to the German Neuro-oncology Working Group NOA-04 trial, the standard of care for newly diagnosed grade III gliomas is surgery followed by EBRT or chemotherapy. 32 This phase III study showed no difference between the 2 treatment arms (postoperative EBRT vs postoperative chemotherapy) regarding PFS (median PFS, 30.6 mo for EBRT and 31.9 mo for chemotherapy) or OS (4-y OS, 72.6% for EBRT and 64.6% for chemotherapy). In comparison with the NOA-04 trial, our treatment (SBT + EBRT boost) achieved similar results, with a median PFS of 26.2 months and a 4-year OS rate of 71.2%. Although no definitive conclusion can be drawn from this comparison-since different patient selection criteria, as well as a different distribution of prognostic relevant factors (eg, mutation status of isocitrate dehydrogenase 1, 33 which was not assessed in the present study), may have influenced the oncological outcome-we could, however, show that a combined treatment with SBT + EBRT boost is a safe and effective treatment option for highly eloquent grade III gliomas not amenable to (a low-risk) complete tumor resection. Furthermore, the oncological outcome in the present study has to be seen in the context that in the NOA-04 trial, incomplete tumor resection and biopsy werecompared with complete resection-associated with a significantly increased risk for treatment failure (1.6 and 3.5 times [hazard ratios]).
In comparison with previous studies on SBT for grade III gliomas, applying a combined treatment concept of SBT + EBRT boost, the risk for development of radiation necrosis in our study was substantially lower (1/30 [3%] grade III patients compared with 19% in a study by Fernandez et al 17 ) . Although the basic treatment concepts (low-dose SBT + EBRT boost) were identical, other groups applied cumulative SBT doses of more than 100 Gy followed by an EBRT boost of up to 50 Gy. 17 In contrast, we reduced irradiation to a cumulative SBT dose of 50 Gy followed by an EBRT boost of 25 Gy. The rationale for this treatment protocol was to decrease the risk for radiation necrosis while simultaneously preserving the oncological efficacy. 34 Based on the results from the present study, we were able to demonstrate that SBT in combination with an EBRT boost is safe and efficient for treating inoperable grade III gliomas within eloquent brain. The combination of 2 irradiation modalities (SBT + EBRT) was originally introduced to improve local tumor control rates for patients with grade III gliomas. 17 However, validation of this hypothesis is still pending, since convincing data (from prospective, randomized trials) are still not available. Therefore, the place of SBT (in combination with EBRT boost) within a multimodal treatment concept for grade III gliomas is still unclear and remains to be determined in future studies.
Conclusions
The application of SBT in patients with tumors located in highly eloquent brain, such as the CSR, is safe andcompared with surgery-associated with only minimal postoperative morbidity. The oncological efficacy of SBT for patients with grade II gliomas seems to be at least equal to surgery + EBRT. In addition, the application of SBT as a primary treatment for grade II gliomas allows deferring EBRT until the time of progression in those patients whose tumors in eloquent brain would likely have been treated with incomplete tumor resection or biopsy followed by EBRT. Hence, late or delayed radiation injuries from EBRT can be avoided. Oncological outcomes of grade III glioma patients receiving a combination of SBT followed by EBRT boost were promising and comparable to those from the NOA-04 trial. However, the value of this treatment concept remains to be determined in future studies.
